Spent hydroprocessing catalysts are known to contain a variety of potentially toxic metals and therefore studies on the bioavailability and mobility of these metals are critical for understanding the possible environmental risks of the spent catalysts. This study evaluates the different chemical fractions/forms of aluminium (Al), nickel (Ni), and molybdenum (Mo) in spent hydroprocessing catalyst and the changes they undergo during bioleaching with Acidithiobacillus ferrooxidans. In the spent catalyst (prior to bioleaching), Al was primarily present in its residual form, suggesting its low environmental mobility. However, Ni comprised mainly an exchangeable fraction, indicating its high environmental mobility. Molybdenum was mainly in the oxidizable form (47.1%), which indicated that highly oxidizing conditions were required to liberate it from the spent catalyst. During bioleaching the exchangeable, reducible and oxidizable fractions of all the metals were leached, whereas the residual fractions remained largely unaffected. At the end of bioleaching process, the metals remaining in the bioleached sample were predominantly in the residual fraction (98.3-99.5%). The 'risk assessment code' (RAC) and I R analysis also demonstrated that the environmental risks of the bioleached residue were significantly lower compared to the untreated spent catalyst. The results of this study suggest that bioleaching is an effective method in removing the metals from spent catalysts and the bioleached residue poses little environmental risk.
Introduction
Petroleum refineries worldwide generate between 170,000 and 200,000 tons of spent hydroprocessing catalysts every year. [1] The U.S. Environmental Protection Agency considers spent hydroprocessing catalysts to be hazardous. [2] Therefore, their safe disposal is a serious concern for petroleum refineries worldwide. Spent hydroprocessing catalysts contain valuable metals such as cobalt (Co), molybdenum (Mo), nickel (Ni), aluminum (Al), and vanadium (V). [3] Therefore, spent catalysts may provide a rich secondary source for these metals. [4] A sustainable spent catalyst management strategy requires the development of innovative recycling processes, which enable the recovery of valuable metals and ensures the safe disposal of spent hydroprocessing catalysts. Conventionally, recovery of metals from the spent refinery catalyst is achieved by either pyrometallurgical methods, hydrometallurgical methods, or a combination of both. [5, 6] Although these methods have been shown to have good extraction efficiencies, there are many disadvantages. For example, pyrometallurgical methods are highly energy intensive, require significant capital cost, and generate toxic gases. Similarly, hydrometallurgical processes require a large quantity of chemicals, expensive downstream processing, and produce secondary pollution. [7] Therefore, the research focus has more recently shifted toward the development of more sustainable, eco-friendly methods for the recovery of metals from spent catalysts.
In recent years, a biotechnological leaching technique called 'bioleaching' has gained attention as an efficient and ecofriendly method for the recovery of metals from spent catalysts. [7] The bioleaching technique exploits the oxidization potential of acidophilic bacteria such as Acidithiobacillus ferrooxidans (At. ferrooxidans) and Acidithiobacillus thiooxidans (At. thiooxidans) to transform insoluble metallic species to soluble entities. Many studies have reported the potential of bioleaching in the recovery of different metals (Al, Mo, Ni, and V) from spent catalyst. [7] [8] [9] In most of these studies, the bioleaching yield of the metal was reported based on the total metal content of individual metals. However, it is now widely recognized that determining the total content of metals does not adequately quantify their bioavailability and mobility, or their potential environmental risks. [10] This is because toxicity depends not only on total concentrations but also on the bioavailable fraction of a given metal. [11] The metals present in the spent catalyst are therefore likely to exist in different chemical fractions, which will eventually affect their mobility and bioavailability. [8] In addition, the efficiency of the bioleaching process will also be largely dependent on the fractionation of metals, as each metal exhibits different energy states in the spent catalysts.
A fractionation study during bioleaching may provide useful insights on metals and the fractions, which are likely to be leached during bioleaching. The fractionation information of the bioleached residue will also determine whether it is safe to dispose of the bioleached spent catalysts. It was found that during bioleaching using At. thiooxidans, a sulfur-oxidizing microorganism, significant changes in the fractions of metals such as Al, Ni, V, and Mo occurred. [12] Besides At. thiooxidans, another acidophile, At. ferrooxidans, is also capable of bioleaching metals from spent catalysts. At. ferrooxidans is the most dominant bacteria in bioleaching operations, and has the capacity to oxidize both ferrous iron (Fe 2C ) and sulfur compounds into ferric (Fe 3C ) and H 2 SO 4 . The use of At. ferrooxidans during bioleaching of spent catalyst can be advantageous due to its ability to oxidize both reduced sulfur and iron compounds as opposed to sulfur only using At. thiooxidans. The bioproduced Fe 3C coupled with H 2 SO 4 acts as a strong oxidant and may leach a variety of metallic sulfides and oxides in an acidic medium. Although many studies have reported the potential of At. ferrooxidans in leaching metals from spent catalysts, to date no study has investigated the changes in the fractionation of metals during bioleaching of spent catalyst using At. ferrooxidans. It is important to note that the use of At. ferrooxidans during bioleaching may impact the fractionation behavior of metals differently than what has been reported previously with At. thiooxidans due to the symbiotic action of Fe 3C and H 2 SO 4 produced by the former. [12] This study, therefore, aims to investigate this important aspect and quantify the fractionation profile of Al, Ni, and Mo in the spent catalysts and the changes they undergo during bioleaching. In addition, this study will evaluate the environmental risk of bioleached residue using the 'risk assessment code' (RAC) and 'reduce partition index' (I R ).
Materials and methods

Spent catalysts and characterization
The spent hydroprocessing catalysts used in thist study, provided by a spent catalyst recycling company, were coated with carbon and were trilobular in the shape. They were dried at 105 C for 24 h, before being pulverized with a mortar and pestle. The spent catalysts were then digested with aqua regia (HCl C HNO 3 , 3:1) (trace metal-free grade, Fisher Scientific, Loughborough, UK), and the digested liquid was filtered through Whatman No. 42 filter paper. The filtered, digested samples were transferred into trace metal-free centrifuge tubes (Labcon, Petaluma, CA, USA) and subjected to inductively coupled plasma mass spectroscopy (ICP-MS) (Perkin-Elmer ELAn DRC-e, USA) for the determination of Ni, Al, and Mo. [13] [14] The ICP-MS was calibrated using standards of Ni, Al, and Mo prepared from commercial stock solution (LGC, Standards, UK) and the accuracy of the results was checked by the inclusion of method blanks, duplicate samples and quality control standards (Inorganic Ventures, Lakewood, NJ, USA).
Spent catalysts were gold coated (Emitech K550, Quorum Technologies Ltd, West Sussex, United Kingdom) and subjected to scanning electron microscopy (SEM) in secondary electron mode using a Hitachi model S-4700 (Hitachinaka, Japan). The analyses were performed at an acceleration voltage of 20 kv, an emission current (Ic) of 10 mA and a working distance of 12 mm. [15] 
Fractionation of metals in spent catalysts
The fractionation profile of metals (Al, Ni, and Mo) was investigated in the untreated spent catalysts (prior to bioleaching), during bioleaching, and in the bioleached residue using the sequential extraction procedure developed by the Community Bureau of Reference (BCR). [16] The BCR process is a wellestablished and widely accepted sequential extraction process that has been successfully applied to study the fractionation of metals in spent catalyst, soil, sewage sludge, and river sediments. [8, [17] [18] [19] [20] In the BCR sequential extraction process, different fractions of metals are evaluated in four steps. The first step involves the extraction of the exchangeable fraction of metals, which are acid-soluble and/or bound to carbonate. This fraction represents the metals that are highly mobile and easily affected by the ionic composition of water. In the second step, the reducible fraction is extracted. The reducible fraction involves the extraction of metals bound to Fe-Mn oxide and which are susceptible to leaching in an acidic environment. In the third step, the oxidizable fraction is extracted, which represents the fraction of the metals bound to the organic matter and/or sulfide. The metals bound in this fraction require highly oxidizing conditions for their liberation from the matrix. The fourth step represents the residual fraction which are the most stable form of the metals. This fraction accounts for the metals that remain after extraction of the exchangeable, reducible and oxidizable fractions. The metals present in the residual fraction are incorporated in the crystal lattice of the mineral and do not release under normal environmental conditions.
To analyze the fractionation profile of metals, 0.250 g of spent hydroprocessing catalysts were placed in 50 mL polypropylene tubes. An appropriate volume of the prescribed extractants was added to spent catalyst and the extraction was performed. [16, 21] The detail of the BCR sequential extraction scheme has been provided in Table 1 . After completing the extraction step, the mixture was centrifuged at 8000 rpm for 20 min and the supernatant was filtered through Whatman No. 42 filter paper. The filtered supernatant was analyzed for metals content using ICP-MS. The residue was washed with distilled water, centrifuged, and the supernatant was discarded. After washing and centrifuging, the residue was subjected to the next extraction step. All analyses were conducted in duplicate.
Study on risk assessment code (RAC) and reduced partition index (I R )
The reduced partition index (I R ) and risk assessment code (RAC) was employed to evaluate the environmental risks of the feed and bioleached spent catalyst. The I R is a widely used method to quantify the relative binding intensity of a particular metal in different solid matrix. [22] It also provides important information on the relative binding intensities of different metals in a particular matrix. The results of the BCR sequential extraction were used to analyse the I R. The I R is defined by:
Where i indicates the index number of the BCR sequential extraction step, k D 4 (total steps in BCR sequential extraction), and Fi is the percentage of a particular metal in fraction i. As per BCR sequential extraction procedure, the minimum possible value of I R can be 0.06 if the metal percentage in the exchangeable fraction is 100%. Similarly, the maximum I R value is 1 where the percentage of the metal in the residual fraction is 100%. This indicates that any metal with an I R value close to minimum (0.06) will exhibit very weak binding. Due to the weak binding, these metals will experience high mobility in the environment. On the other hand, metals with an I R value close to 1 will experience strong binding. Such metals will be highly stable and won't release into the environment for a long time.
Similarly, RAC is a widely recognized tool to evaluate the bioavailability of metals in a solid matrix. The RAC in the feed and bioleached spent catalyst is the ratio of the amount of metal in the exchangeable fraction to the total concentration of a particular metal and is expressed by [20] :
Where C m is the metal concentration in the exchangeable fraction and C total is the total concentration of a particular metal in the spent catalyst sample. As per RAC guidelines, any metal having <1% of its total content in the exchangeable fraction may be considered to be safe for the environment and poses no risk. Based on the exchangeable fraction content, the RAC can be postulated on the scale of 1% to 100%: <1% (no risk), 1% to 10% (low risk), 11% to 30% (medium risk), 31% to 50% (high risk), and >50% (very high risk) for a given metal.
Microorganisms and growth conditions
The microorganisms used in the current study were a pure bacterial culture of At. ferrooxidans. The microorganisms were grown in 0K basal media (pH 1.8) fortified with 4 g/L of ferrous iron (as FeSO 4 .7H 2 O). The composition of 0K media has been provided elsewhere. [8] The batch culture of At. ferrooxidans was incubated in a rotary shaker at 30 C and 150 rpm. Ultrapure water (18.3 mV, Milli-Q Element System TM , Merck Millipore, USA), water and analytical grade chemicals were used to prepare all the solutions.
Bioleaching experiments
The bioleaching experiments were performed for 15 days in 1500 mL Erlenmeyer flasks, each with a 500 mL working volume. For bioleaching with At. ferrooxidans, a two-step process was applied. In the first step, grown cells of At. ferrooxidans were suspended in 500 mL fresh 0K medium. The 0K media was provided with 1% S 0 (w/v) and 4 g/L Fe 2C (w/v) at an initial pH of 1.8. During this step, At. ferrooxidans completely oxidized the Fe 2C to Fe 3C and part of S 0 to H 2 SO 4. This led to a decrease in the pH of the medium to 1.5 from an initial pH of 1.8. This medium was filtered through Whatman filter paper No. 1 to remove the suspended sulfur particles. In the second step, the spent catalysts were added at 3% w/v to this medium (pH 1.5) having biological produced lixiviants (Fe 3C and H 2 SO 4 ) and bacterial cells. During bioleaching, the pH was monitored using a pH meter. An appropriate volume of the sample was withdrawn daily and filtered through Whatman No. 42 filters. After filtration, the spent catalyst retained on the filter paper was dried at 105 C and subjected to a fractionation study. The liquor containing dissolved metals was acidified using HNO 3 and analyzed for metal content using ICP-MS.
Results and discussions
Fractionation profile of Al, Ni, and Mo in the spent catalysts
The spent catalysts contained Al, Ni, and Mo concentrations of 96.5, 17.7, and 82.6 mg/g. The SEM-EDS analysis also confirmed the presence of these elements in the spent catalyst (Fig. 1A) . The fractionation profile of the metals in the spent catalysts (before bioleaching) and in the bioleached residue are shown in Figs. 1B and 1C , respectively. A high proportion of Al was present in the residual fraction before bioleaching (64.8 mg/g; 67.1%) followed by the oxidizable fraction (13.7 mg/g; 14.2%). Metals present in the residual fraction are mainly bound into crystal lattice structures and are extremely difficult to release under normal environmental conditions. [23] The presence of Al in this fraction therefore suggested that the potential mobility and solubility of Al was extremely low. The presence of Al in the residual fraction can be explained on the basis of its predominante presence as a stable oxide (Al 2 O 3 ) in the spent hydroprocessing catalysts.
[24] The predominant Step II Reducible 40 mL of 0.11 mol ¡1 hydroxyamine hydrochloride (pH 2) pH 2 (room temperature) Shake at mechanical shaker for 16 h iii.
Step III Oxidizable 20 mL 8.8 mol ¡1 hydrogen peroxide and 50 mL of 1 mol ¡1 ammonium acetate (pH 2) Digestion with hydrogen peroxide at room temperature than at 80 C. Repeat the above step. 60 min at room temp. 60 min at 80 C.
iv.
Step IV Residual Remaining after above three steps presence of Al in the residual fraction has been reported. [12] However, in that study, a higher proportion of Al (83.9%) was present in the residual fraction compared to the current study (67.1%). The difference may be attributed to the fact that the spent catalysts originated from different petroleum refineries and had different chemical characteristics. In addition, in the above reported study, spent catalysts were deoiled using acetone. [12] It is believed that during the process of deoiling, most of the oil is removed which increases the overall content of this fraction in the medium. In addition, the total content of Al (20.56%) in deoiled spent catalysts was also higher when compared to the current study (9.65%).
The fractionation profile of Ni in the untreated spent catalyst before bioleaching was different to that of Al. Nickel was predominantly present in the exchangeable fraction (14.9 mg/ g), accounting for 84.7% of the total Ni present in the spent catalysts. As per the BCR scheme, the metals existing in the exchangeable fraction are easily soluble and have high mobility.
The predominant presence of Ni in exchangeable fraction therefore suggests that the potential mobility of Ni is very high and hence it may solubilize easily during bioleaching. The higher presence of Ni in the exchangeable fractions has been reported previously. [12] Among all the metals analyzed, the highest proportion of the oxidizable fraction before bioleaching was observed for Mo. The concentration of Mo in oxidizable fraction was about 38.9 mg/g, which accounted for 47.1% of the total Mo in spent catalysts. This was followed by the residual fraction (26.5 mg/ g). The relatively higher proportion of Mo in the oxidizable fraction suggests that either Mo is bound with organic matter or is present as a sulfide in the spent catalysts. The presence of Mo in the oxidizable fraction was expected, as Mo tends to exist as MoS 2 in hydroprocessing catalysts. [25] In addition, the tendency of Mo to associate with the organic matter in the solid matrices has been reported in other studies. [26] [27] The presence of Mo in the oxidizing fraction indicates that strong oxidizing conditions are required in order to leach it from spent hydroprocessing catalysts. Moreover, an appreciable concentration of Mo was also present in the residual fraction (32.1%), which indicated that part of the Mo may remain stable for a long period and therefore, will be difficult to liberate from spent catalysts.
Variations in pH and leaching yields of Al, Ni, and Mo during bioleaching
The pH initially increased slightly from a value of 1.5 to 1.9 on the 3rd day of the experiment (results not displayed). However, there was no further increase in the pH. The increase in pH during bioleaching was due to the reaction of metallic oxides and sulfides with protons. The increase in medium pH during bioleaching of spent catalysts has been reported elsewhere. [28] Among all the metals, the bioleaching yield of the Ni was highest (Fig. 2) and was almost complete by the 3rd day of the bioleaching experiment. A slight decrease in the leaching yield of Ni was observed at the end of bioleaching, which may have been due to the re-adsorption of the Ni on the spent catalyst's surface. The high yield of Ni during bioleaching may be attributed to its presence mainly in the exchangeable fraction of the spent catalyst. The high leaching yield of Ni has been reported in many bioleaching studies conducted with spent catalyst. [12, 28] Dissimilar to Ni, 32.8% of the Al was bioleached from the spent catalysts by the 3 rd day of bioleaching, and increased gradually to 36.9% by the end of the experiment. The low leaching yield of Al during bioleaching was expected, as the large quantity of Al (67.1%) was present in the residual fraction of the spent catalysts. The low bioleaching yield of Al during bioleaching has been reported in other studies. [12, 29] The initial leaching yield of Mo was low by the end of the experiment, as 46.3% of the total Mo was leached. The lower leaching yield of Mo, compared to Ni, was due to its presence mainly in the oxidizable (47.1%) and residual fraction (32.1%) of the spent catalysts. The lower leaching yield of Mo was also reported in other bioleaching studies. [25] Changes in fractionation of Al, Ni, and Mo during bioleaching with At. ferrooxidans
Changes in fractionation profile of Al
The results of changes in fractionation profile of Al during bioleaching are presented in Fig. 3A . At the start of bioleaching, 64.8 mg/g of Al (67.1% of the total Al) was present in the residual fraction. The second largest fraction of Al in the spent catalyst was in the oxidizable fraction (13.7 mg/g), which was followed by the exchangeable fraction (11.3 mg/g ). During bioleaching, the exchangeable fraction of Al decreased to 0.13 mg/g within first 3 days of bioleaching, and continued to decrease slowly until the end of the study. The decrease (99.2%) in this fraction was expected, as it is considered to be a highly reactive fraction that leaches rapidly under the acidic conditions of bioleaching. Pathak et al. (2014) also found that during bioleaching of deoiled spent catalyst with At. thiooxidans, the leaching of the exchangeable fraction of Al was rapid and about 83% of the exchangeable fraction was leached within the first 24 h of bioleaching. [12] At the start of bioleaching, the reducible fraction was 6.7 mg/g, which also decreased rapidly over the duration of the experiment. The significant removal of this fraction may also be explained by the acidic conditions during bioleaching, which caused removal of this fraction. As per the BCR scheme, the metals present in the reducible fraction are those which are trapped by Fe oxides. These Fe-oxides act as a scavenger for metals and can be easily mobilized under acidic conditions. [30] Similar to the exchangeable and reducible fractions, a rapid decrease in the oxidizable fraction of the Al was observed during bioleaching. The decrease in this fraction (98.8%) was significantly higher compared to a previous study, [12] which measured a decrease of 11%. This difference may be explained by the fact that the above reported study was conducted with At. thiooxidans, whereas the current study was conducted with At. ferrooxidans, which produced Fe 3C in the leaching media. The Fe 3C acts as a strong oxidant which can oxidize the insoluble metal sulfides into metallic sulfate, leading to the leaching of oxidizable fraction of Al. The role of Fe 3C in potential dissolution of metallic sulfide/organic bound metal was also confirmed in a study conducted with contaminated dredged sediments. [31] In addition, the concentration of oxidizable fraction of Al was lower in the current study (6.9%) compared to the previous reported study (9%), so more leaching agents (lixiviants) were available to react with the sulfide fraction of the Al. [12] As the oxidizable fraction represents the metals that are mostly present as sulfides, a higher decrease in this fraction was observed in the current study. In addition, the chemical characteristics of the spent catalyst were different in the previously reported study, [12] where it contained high concentrations of V (11.4%), whereas the spent catalysts used in the current study had no V and mainly contained Al, Ni, and Mo.
Among all fractions, the residual fraction of Al had the lowest decrease. This was due to the fact that the metals associated with the residual fraction are thermodynamically stable and exhibit little mobility. Prolonged acidic conditions, coupled with a highly oxidizing environment, are required to release these metals from the matrix. A previous bioleaching study conducted with contaminated sediment also confirmed that during bioleaching most of the mobile fraction of the metals were leached, whereas the residual fraction of the metals remained largely unchanged. [32] Changes in fractionation profile of Ni At the start of bioleaching, a large quantity of the Ni (14.9 mg/g) was present in the exchangeable fraction. During bioleaching, almost complete removal (99.8%) of the exchangeable fraction took place (Fig. 3B) . At the end of bioleaching, an almost negligible amount (0.012 mg/g) of the exchangeable fraction remained in the spent catalysts. The large decrease in this fraction can be explained by the fact that the metals present in the exchangeable fraction are highly mobile and may be leached rapidly during bioleaching. A similar leaching pattern of the exchangeable fraction of the Ni had been reported in our previous study, where about 97% of the exchangeable fraction of Ni was leached within first day of bioleaching. [12] Similar to exchangeable fraction, almost complete removal (98.8%) of the reducible fraction was observed during bioleaching. A similar leaching pattern was observed for the oxidizable fraction. The decrease in this fraction was significantly higher than reported (71.43%) in the previous study using At. thiooxidans. [12] Moreover, a similar higher leaching of the oxidizable fraction had been observed for Al. The higher leaching of oxidizable fraction of the Ni can be similarly explained by the presence of bio-produced Fe 3C in the leaching media. The bio-produced Fe 3C is an oxidant, which has the potential to chemically oxidize the insoluble metal sulfides into metallic sulfate. In addition, the bacteria itself can oxidize the metallic sulfides into readily soluble metallic sulfates. As the oxidizable fraction mainly consists of the metal portion which is bound either to organics or sulfide, the possible oxidation of metal sulfides led to the larger decrease in this fraction. In the case of the residual fraction, no decrease was observed during bioleaching. The relatively low leaching of residual fraction of the different metals has been reported in various bioleaching studies conducted with sediments. [12, [33] [34] Changes in fractionation profile of Mo The fractionation profile of Mo during bioleaching is shown in Fig. 3C . Prior to bioleaching, Mo mainly existed in the oxidizable fraction (38.9 mg/g), followed by residual (26.5 mg/g), exchangeable (15.7 mg/g), and reducible fractions (1.5 mg/g). Similar to Al and Ni, the exchangeable, reducible and oxidizable fractions of the Mo were quickly bioleached. The residual fraction increased to 62.7 mg/g on the third day of bioleaching from an initial value of 26.5 mg/g. After this initial increase, there was a gradual decrease in the residual fraction. The exact reason for the increase in the residual fraction of Mo is not clear. However, it may be speculated that the bioleaching transformed a large portion of oxidizable and/or exchangeable fraction into the residual fraction. During bioleaching, the leached Mo from the spent catalyst may have been precipitated and bound to crystalline alumina as aluminum molybdate. This may have increased to the overall residual fraction. The tendency of Mo to precipitate as MoO 3 during bioleaching has been reported. [25] Moreover, at the start of bioleaching, a large amount (4000 mg/L) of bioproduced Fe 3C was in the media which may have also led to the precipitation of Mo as insoluble ferric molybdate. [35] During bioleaching, minor depositions of ferric precipitates on the glassware were observed. These findings indicated that the leaching of a metal during bioleaching was highly related with its fractionation.
Fractionation profile of metals in the bioleach spent catalysts
Although bioleaching with At. ferrooxidans resulted in significant leaching of Al, Ni and Mo from spent catalysts, a significant quantity of these metals (63.1% of Al, 6.5% of Ni, and 53.7% of Mo) still remained in the bioleached spent catalysts. The remaining metals present in the bioleached spent catalysts are likely to exist in different fractions that will govern the ultimate fate of the spent catalyst for its safe disposal. It was found that bioleaching affects the distribution fractions of all metals present in the bioleached spent catalysts. The results indicated (Fig. 1b) that the metals remaining in the bioleached spent catalysts were predominantly in the residual fraction (98.3-99.5%) and therefore were likely to have low environmental mobility. In bioleached spent catalysts, 99.5% Al, 98.3% Ni, and 98.9% Mo existed in the residual fraction. Previous bioleaching studies conducted with spent catalyst, mine tailing and soil also confirmed that after bioleaching, most of the metals remained in the stable fraction. [12, 34, 36] 
RAC and I R
The results of the show study show that the environmental risk of the spent catalysts based on the RAC for Al (exchangeable fraction is 11.7%) and Mo (exchangeable fraction is 19.0%) was 'medium', but was 'very high' for Ni (Fig. 4) . After bioleaching, the RAC value decreased, along with the environmental risk of these metals. In the bioleached spent catalyst, the Al (exchangeable fraction of 0.1%) and Mo (exchangeable fraction of 0.3%) were in the 'no risk' category, whereas Ni (exchangeable fraction of 1.0%) posed only 'low risk'.
In the case of I R, the relative binding intensity of each metal was different in the spent catalysts. The values of I R for untreated and bioleached spent catalyst are presented in Fig. 5 . In the spent catalyst, the lowest I R value (0.15) was observed for Ni, whereas Al exhibited the highest value (0.78). The Mo had an intermediate value (0.60). The low I R value of Ni was due to its high presence in the exchangeable fraction, which indicated its higher bioavailability. On the contrary, the high I R value of Al was largely due to its presence mainly in the residual fraction. The high I R value of Al indicated that binding of Al in the spent catalyst was strong and therefore may not be mobile in the environment. Due to bioleaching, significant changes in the binding intensity of metals in the bioleached spent catalyst were observed. The changes in I R value of the metal were mainly caused by the removal of non-residual fractions (exchangeable, reducible, and oxidizable). In the bioleached spent catalysts, the I R value for each metal was higher compared to the feed spent catalysts (Fig. 5) . The I R value of Al increased from 0.78 in the spent catalyst to 1.0 in the bioleached spent catalysts. Similarly, the I R value of Mo increased from 0.60 in the spent catalysts to 0.99 in the bioleached spent catalysts. The most striking increase was observed for the Ni, for which the I R value increased to 0.99 in the bioleached spent catalyst compared to 0.15 in the spent catalysts. The I R results suggested that bioleaching led to a significant increase in the binding intensity of the metals present in the bioleached spent catalysts. The increase in the binding intensity of the metals was largely due to the leaching of mobile fractions and an overall increase in the residual fraction. As a result, the metals present in the bioleached spent catalysts experienced high binding intensities (0.99-1.0) and were therefore highly stable. 
Conclusions
The results of the current study show that spent hydroprocessing catalysts contain different metals (Al, Ni, and Mo) which exhibit different mobility and bioavailability and poses significant environmental risk. Bioleaching using At. ferrooxidans was highly effective in the removal of these metals from the spent catalyst. Moreover, during bioleaching the removal of non-residual fractions (exchangeable, reducible, and oxidizable) of all the metals was observed, whereas the residual fraction of the metals was largely unaffected. Due to the removal of non-residual fractions, the binding intensities of all the metals increased, whereas the environmental risks decreased. The results of the current study are useful in the development of a suitable bioleaching strategy for decontamination of hazardous spent hydroprocessing catalysts.
